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SUMMARY 



An investigation was conducted in the NACA 20-foot 
propeller-research tunnel to determine the effect cf va- 
riations in angle cf pitch on the aerodynamic character- 
istics of several propeller combina t i oris . Two-, three-, 
fcrr-, and six-blade single-rotating propellers and a rix- 
blade di-al-r Otating propeller were tested on a nacelle with 
the thrust axis pitched at angles of 0°, 5°, 10°, and 15°. 
The propellers, which were 10 feet in diameter, were tested 
at blade angles of 25° and 45°. The force and moment co- 
efficients of the propellers were obtained for these con- 
ditions. 

The results Indicate that the propulsive efficiency 
decreases as the angle of pitch increases. The loss due 
to pitch increased with increased solidity and was greater 
at the higher blade-angle settings. 

The vertical force increased with the angle of pitch 
throughout the entire V/nD range, whereas the yawing 
moment increased with pitch only in the low V/nD range. 
The yawing moment, torque reaction, and side force nearly 
vanished with dual rotation, but the vertical force in- 
creased. A greater solidity increased the vertical force 
and generally increased the yawing moment. A greater blade 
angle generally increased .the forces and the moments measured. 



INTRODUCTION 



Pitching the thrust axis of a propeller alters its 
thrust, power (or torque), and efficiency characteristics 
and, in addition, subjects the propeller to vertical and 
horizontal forces as well as pitching, yawing, and rolling 
moments. Of these effects, the vertical force, yawing 
moment, and change in efficiency due to pitch influence 
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the performance and stability of an airplane to an appreci- 
able extent. 

Both theoretical and experimental studies of the 
effects of a propeller operating at an inclined attitude 
have been undertaken at various times. (See references 1, 
2, and 3.) Most of the previous empirical work was done 
with model propellers having only two or three blades 
and operating in a low V/nD range. Lesley, Worley, 
and Moy, in 1935-36, made wind-tunnel experiments in the 
Stanford University wini tunnel with a model propeller. 
With the propeller in yaw, they measured the effects of 
oblique air currents on the propeller force and moment 
characteristics for several different blade-angle settings. 

The present investigation was undertaken in order 
to extend previous work to include tests of full-scale 
propellers having liferent numbers of blades and in 
order to determine the effect of pitch on dual rotation. 
The propellers were tested at positive angles of pitch 9 
cf 0° f 5°, 10°, and 15°. Four different blade combina- 
tions, consisting of two-, three-, four-, and six-blade 
tractor propellers were used to determine the effect of 
pitch and solidity. The six-blade condition included 
both single- and dual-rotating propellers. The investi- 
gation in these tests of the complete V/nT. range 
involved the use of -even "new 1 ' coefficients in the range 
of negative thrust and power. Few coefficients , . such 
as T c , were formed by multiplying standard coefficients, 
such as Cm, by the factor (nD/v) 3 . The project was 
carried out in the 20-foot propeller-research .tunnel 
during May and June 1941 with a set-up that had been 
previously used for testing dual-r o tat ing propellers. 

The data contained in this report may be applied to 
propellers in yaw by rotating the r-eference axes 90°. 



APPARATUS AND METHODS 



The EACA 20-foot propeller-research tunnel, in 
which the investigation was conducted, is described in 
reference 4. The tests were run wit h- air speeds ranging 
from zero to 11C miles p^r hour. 

The propeller-drive mechanism (fig. 1) was enclos.ed 
in a streamline nacelle, which had been used in several 
previous investigations (reference 5). The test arrange- 
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ment , with the principal moment arms. from the scale 
reactions to the propeller origin indicated, is shown 
in outline in figure 2. A photograph of the set-up is 
given in figure 3. it the an^je Of zero pitch the center 
line of the propeller-nacelle combination coincided with 
the wind axis of the tunnel. The angle of pitch of the 
nacelle was varied by means of a f iackscrew in the rear 
strut. 

Five 10-f cot-diameter propellers were employed 
(Hamilton Standard drawing numbers 3155-6, right hand, 
and 5156-6, left hand) « The blade-form curves are shown 
In figure 4, The hubs of the two- and the tnree-blade 
single-rotating propellers were located in the rear 
spinner. The six-blade single- and dual-rotating 
propellers were cozapoaed of 2 three-blade propellers 
mdunted in tandem in the i rout and rear spinners. The 
four-blade propeller was mad* up with 2 two-blade 
propellers, one on the front and the other on the rear 
spinner. 

The net thrust was measured in the usual manner by 
a thrust balance. The torque was measured by .he spring- 
dynamometer and Selsyn device combination mentioned in 
reference 5, Vertical forces were measured by lift bal- 
ances located at the corners of the floating frame in 
the balance house, and side forces were determined from 
balance readings at tl . front and rear of the floating 
frame. Values of the Ditching and yawing moments were 
determined from suitable combinations of the lift, the 
drag, and the side for^e. A comparison of the values 
of -C(^ cos G and actual rolling moment obtained from 
the lift and the side-force balances resulted in a deci- 
sion to v.se torque values transposed to the wind axis in 
place of rolling moment. (See fig* 5.) 

The propellers were driven by alternating-current 
induction motors and the speed was controlled by varying 
the frenuencv of the current supplied to the motors. 
The single-rotation tests were run with the motors coupled 
together. ?or the dual-rotation tests the speed of the 
two propellers was kept equal by means of a frequency- 
converter apparatus and checked with a synchroscope. 
The dual-rotation tests were made with the rear propeller 
blades set to provide approximately the same torque at 
peak efficiency as the front propeller blades. 

Propeller speed was varied from a maximum speed of 
about 550 rpm to approximately zero to' cover the range 



beyond zero thrust, that is, to the point where n m 0 
or V/nD = od« The Reynolds number was about 1,000,000 
at peak efficiency for the propellers set at 25° at 0.75 
radius. Typical plots of propeller-coefficient results 
and vertical-force and moment coefficients are given in 
figure a 6 , 7, 8, and 9 . 



The extreme range of propel 1 er-ope rat ing conditions 
covered in this investigation has made it convenient to 
use tv/o types of coefficients for presenting the data. 
Th3 usual coefficients, 



Thrust coefficient Cm = * 

pn2j)4 



Power coefficient C~ «s 



RESULTS 



Ef fici ency 



Gp njj 




Side-force coefficient 



Cy 



pu a D 



,4 



Vert ical-f ore e coefficient 



pn^D 4 



Rolling-moment coefficient 



-Q. cos 6 



pn 2 D 5 



Pit ching-moment coefficient C 



pn^D 5 
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Yaving-nomen t coef f icisnt 8 n = » — 

pn 2 D 5 



where 

T sun of measured, thrust of propeller-nacelle 

combination and drag cf "body measured separately 

p air density 

n rotational speed 

D propeller diameter 

Q propeller torque 

1\ efficiency 

V airspeed 

Fy side force 

Tr? vertical force 

0 angle of pitch 
M pitching moment 
H yawing moment 

The value was substituted for O = £ — f 

where L is rolling moment, because the torque was easily 
obtainable from the spring-dynamometer readings and re- 
sulted in more consistent data. (See fig. 8.) The dif- 
ference in the values of 0. and -Cq cos 6 was prob- 
ably caused by strut interference on the nacelle. For 
values beyond the point of zero thrust, the thrust and 
power coefficients were multiplied by (nD/V) 2 , which gives 
the second form, 



T c = C T (nD/T) 



r \ 2 



pV 2 D 2 



2tt3 c = Q p (nD/V) 2 » 2tt $ 
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Similarly, new coefficients were formed for the 
other forces and moments- "by multiplying Cy » C?, C lt C m » 
and C n ty (nD/V) a . . 1 

-Q cos G 

L 



c p v 2 D 3 
N 

u - 



8L 



N 



FY 

pf D 2 



pvV 



The parameter V/nD was changed to nD/V at the 
value of 1.0, at which the two parameters coincide, to 
keep the complete range covered by the coefficients down 
to a reasonable size. The position of zero propeller 
speed (Y/nD m » , uB/V = 0) was difficult to obtain but 
was approached by means of reversing switches on the 
pr ope lie r-mo t cr c ircui t • 

The values for the new propeller coefficients were 
also plotted against nD/V beyond the value of zero 
thrust to the position where n » C. 

In order to eliminate the effect of the slipstream 
reactions on the body and the supporting struts, the 
side force, the vertical force, the pitching moment, and 
the yawing moment have been plotted with the values for 
zero pitch deducted from the values obtained for the 
pitched propellers. It was assumed that the slipstream 
reactions on the body r.nd the supporting struts would 
remain constant with changes in pitch and also that 
these forces and moments should be zero for zero pitch. 

All coefficients of forces and moments were computed 
with the origin at the intersection of the propeller axis 
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and its plane of rotation, with the result that these 
values could be easily transferred for stability computa- 
tions- cn an airpl-jnf: 8 For the dual-rotating propeller 
the origin was- Located midway between the front and the 
rear bu&S« reference axis in all cases was the wind 

axis of the tunnel. 

For rapid reference the figures showing the propel- 
ler force and moment characteristics are listed as follows 



Efficiency 



Figures 10-14 Effect of pitch on efficiency 
Figure* 16-16 Effeci of solidity on efficiency 
Figures 17-18 Effect of dual rotation on efficiency 



Thrust 



Fi gure s 
Figure a 
Figures 



19-23 
24-35 
26-27 



Effect of pitch on thrust 
Effect of solidity on thrust 
Effect of dual rotation on thrust 



Power 



Figured 26-32 
Figures 23-34 
Figures 35-36 Effect 



Effect of pitch on power 
Effect of solidity on power 

of dual rotation on power 



Figures 37-40 Individual power curves 



Side Force 



Figures 41-42 Effect 
Figure 43 Effect- 
Figure 44 Effect 



or 
of 
of 



pitch on side force 
solidity on side force 
dual rotation on side force 



Vertical Force 

Figures 45-46 Effect of pitch on vertical force 
Figure 47 Effect of solidity on vertical force 

Figure 46 Effect of dual rotation on vertical force 



Rolling Moment 

Figure* 49-50 Effect of pitch on rolling moment 
Figure 51 Effect of solidity on rolling moment 

Figure 52 Effect of dual rotation on rolling moment 



Pitching Moment 



Figures 53-54 
Figure 55 
Figure 56 



Effect of pitch on pitching moment 
Effect of solidity on pitching moment 
Effect of dual rotation on pitching moment 



Yawing Moment 



Figures 57-58 
Figure 59 
Figure 60 



Effect of pitch on yawing moment 
Effect of solidity on yawing moment 
Effect of dual rotation on yawing moment 



DISCUSSION 



The effect of the four parameters - pitch, solidity, 
dual rotation, and blade angle - on the various propeller 
force and moment coefficients is presented in the following 
di scuss ion : 

Ef f iclency »«»~ghe effect of pitch on efficiency for 
each propeller may he observed in figures 10 to 14. The 
loss in efficiency Ar* due to pitch appeared, in general, 
to be negligible for angles of pitch of 5° for the 25° 
blade angle; but a decrease of 0.01 or 0*02 in efficiency 
became evident at the blade angle of 45° for propellers 
having three or more blades. For an angle of pitch of 10° , 
the loss varied from 0.01 to 0.03 at (3 = 25° and from 
0.02 to 0.05 at p « 45°. At the highest angle, of pitch 
tested, 8 = 15°, the loss in efficiency was considerable, 
ranging from 0.02 to 0.05 at P' = 25° and from 0.05 to 
0.12 at p « 45°. Each additional 5° increment in pitch 
nearly doubled the loss in efficiency from the previous 
increment; it is, therefore, to be expected that beyond 
the range investigated, that is, for angles larger than 
6 = 15°, the loss would be quite high. This conclusion 
is confirmed in references 1 and 2. 

Figures 15 and 16 are comparisons of the efficiencies 
for different solidities. These figures indicate that 
the efficiency was decreased with an increase in solidity 
over the entire V/nD range, except at very low values 
of V/nD. At the higher blade angle (45°) the effect 
of pitch on efficiency was more pronounced for high- 
solidity propellers than for low-solidity ones. 



A study of the efficiency curves for the dual-rotation 
condition (figs. 1? and 18) reveals that, although the dual- 
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rotating propellers were the most efficient, they ex- 
perienced about the same loss in efficiency from being 
pitched 10° as the single-rotating propellers* 

Thrus t . - The maximum thrust in both the positive 
and negative range decreased with pitch, whereas the 
value of V/nD for zero thrust increased with pitch 
(figs. 19 to 23). 

The increment cf thrust due to increasing solidity 
was generally less for 10° pitch than for 0° (figs. 24 
and 25). 

Figures 26 and 27 show that dual rotation resulted 
in an increase in thrust over the single-rotation con- 
dition, but the gain was less for 10° than for 0° pitch. 

ffowe?**? The effects of pitch, solidity, and dual 
rotation on the power coefficients are generally the same 
as on the thrust coefficients (figs. 28 to 40); further 
discussion is, therefore, unnecessary. 

Si de force *- pigures 41 and 42 indicate that the 
side-force coefficient, which was usually small, generally 
increased slightly in a negative direction with increases 
in pitch, particularly for low values of V/nD. There 
were no consistent trends of the side-force coefficient 
for the negative thrust range of V/nD. There was no 
consistent variation of side force with solidity, as may 
be noted in figure 43. Of interest is the fact that 
the side force nearly vanished with dual rotation. (See 
fig. 44.) 

Ve rt i ca l force * - The vertical force is composed of 
several elements: The vertical component of the thrust; 
a vertical reaction of the propeller due to an unbalance 
in torque of the blades passing through the 3 o'clock 
and 9 o'clock positions; and the slipstream reactions on 
the body. The effects of the slipstream have been elim- 
inated by the method used in plotting the results. 

In figures 45 and 46 it may be seen that the vertical 
force was nearly proportional to the pitch angle. At 
V/nE = 0 the vertical force was due almost entirely to 
the vertical component of the thrust; the part due to the 
other factors mentioned was negligible. As the value of 
V/nE increased this vertical component of the thrust 
would be expected to decrease nearly proportionately to 
the decrease in thrust; and the vertical component due 
to the unbalance in blade torque would be expected to in- 
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crease , because of the increasing unbalance in the angle 
of attack of the "blades passing through the 3 o*clock and 
9 o 'clock , pos it Ion 8 • 

Figure 4? is a comparison of solidities for the 
vertical-force coefficient. In the pitched condition 
the vertical-force coefficient increased with solidity 
throughout the V/nD - nD/V range, as would "be expected* 

The dual-rotation comparison (fig% 48) reveals that 
the dual-rotating propeller had higher vertical-force 
coefficients than the single-rotating propeller through- 
out the V/nD - nD/V range, particularly in the pitched 
condition. This condition can be explained by the fact 
that the dual-rotating propeller produced more thrust 
than the single-rotating propeller. 

E oiling moment . - The rolling-moment coefficient was 
but slightly affected by pitch, as may be seen in figures 
49 and 50. Throughout most of the V/nD range the roll- 
ing-moment coefficient, computed from the scale readings, 
was slightly less than the value, -Ca cos 9, because of 
the reaction of the slipstream on the supports. (See fig. 5.) 
A comparison of solidities for the rolling-moment coefficient 
(fig. 51) exhibits nothing unusual. Pitch had little effect 
on either the dual-rotating or single-rotating six-blade 
propellers, as is illustrated in figure 52. Dual rotation 
resulted in only a small net torque reaction because the 
rear propeller almost canceled the effect of the front 
propeller . 

Pitching moment.- The measurement of pitching moment 
was inaccurate because it involved the use of four lift 
scales and a drag scale, each with a long lever arm. 
Although there is no consistency in the measured results 
regarding the effect of angle of pitch on pitching moment 
(figs. 53 and 54), the values are fairly small, indicating 
that the propeller pitching moment is negligible except 
for cases in which the longitudinal stability is neutral 
or very small. The effect of solidity on pitching moment 
was more clearly defined than the effect of angle of pitch 
(fig. 55) . 

The dual-rotation measurements (fig. 56) are like- 
wise inconclusive. 

Yawing moment. - At low values of V/nD the yawing- 
moment coefficient increased with pitch; at high values of 
V/nD no general trend could be detected. (See fi,es. 5? 
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and 580 As might be expected a larger number of blades 
resulted in larger moments. (See fig. 59.) The yawing 
moments nearly vanished with dual rotation (fig. 60), 
bec3ti.se the rear propeller nearly neutralized the effects 
of the front propeller, 

CONCLUSIONS 



Varying the angle of pitch of a propeller, besides 
changing the efficiency, thrust, and power, introduced 
vertical and side forces as well as pitching, yawing, 
and rolling moments; of these effects, efficiency, 
vertical force, and yawing moment have an important 
effect on performance and stability. 

Pitching a propeller had little effect, in general, 
on the efficiency until the angle of pitch was greater 
than 5°; beyond this value of the angle of pitch, the 
loss became appreciable, depending upon the blade angle 
and the number of blades* The loss in efficiency due 
to pitch increased with propeller solidity and blade 
angle. This loss amounted to as much as 0.12 for a 
six-blade propeller operating at 45° blade angle and 15° 
angle of pitch. The loss was about the same for dual 
rotation as for single rotation. 

The side forces ?nd zhe pitching moments as found 
in these tests were small and except for an airplane of 
low stability, these forces and moments could probably be 
neglocted. 

The vertical force increased with the angle of 
pitch throughout the ent i re range of V/nD, while the 
yawing moment increased with pitch only in the lower part 
of the V/nD ran^.e. 

The yawing moment, rolling moment, and side force 
nearly vanished with dual rotation; but the vertical 
force increased. 

Higher solidity increased the vertical force and 
generally increased the yawing moment. 

The forces and moments measured generally increased 
as the blade angle increased. 



Langley Memorial Aeronautical Laboratory, 

National advisory Committee for Aeronautics, 
Langley Field, 7a. 
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Figure 7.- Typical test results. Vertical-force- coefficient curve 
for six-blade propeller . 6-10° ; 0^5°. 
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Figure 8.- Typical test results .Rolling-moment- coefficient 
curve for four -blade propeller . 0*5° ; i3 • 45* 
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for two- blade propeller. 6-5°; f3--25". 
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Figure //.- Effect of pitch on efficiency for Wire -blade propeller. 
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Figure /2 - Effect of pitch on efficiency for four -blade propeller. 
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FI6URE I J. - Effect of pitch on efficiency for six- blade propeller. 
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Figure 14.- Effect of pitch on efficiency for six- blade dual propeller. 
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Figure 16, - El feet of solidity on efficiency , 9*/0°. 




F/ &(//?£ t7.~ Effect of duett rotation on efffefet/cu . 6=0'. 




F/GU#£ 16 .- Effect of duaJ rotation on efficiency. 6=10'. 
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Figure 27 .- Effect of dual rotation on thrust. 0*fO° 
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Figure 39.- Individual power- coefficient curves for 3/x- blade dual -rotation propellers . d-IO'. 
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fieuftf 40.- Individual power- coefficient curves for six- blade dual -rotation propellers. &■ I? 
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